Abstract Cocaine use has been associated with cognitive impairments that may contribute to poor treatment outcomes. However, the degree to which these deficits extend into periods of abstinence has not been completely elucidated. This study tested whether prior experience self-administering cocaine affected acquisition of two cognitive tasks in 16 adult female cynomolgus monkeys. Seven monkeys had previously self-administered cocaine but had not had access to cocaine for 2 months at the start of this study. After monkeys were trained to respond on a touchscreen, associative learning and behavioral flexibility were assessed using a stimulus discrimination (SD) and reversal (SDR) task from the CANTAB battery. Performance on this task was monitored over the subsequent 3 months. Additionally, working memory was assessed with a delayed match-to-sample (DMS) task. Cocaine-naïve monkeys required fewer total trials and made fewer errors and omissions before acquiring the SD and SDR tasks compared with monkeys who had previously self-administered cocaine; two monkeys in the latter group did not acquire the task. However, this cognitive impairment dissipated over several months of exposure to the task. The number of sessions for touch training and delays required to establish a performancebased curve on the DMS task did not differ between groups.
Cocaine abuse continues to be a major public health problem with more than 1.6 million Americans confirming current cocaine use (SAMHSA 2013) . Attempts to develop pharmacological treatments have been largely unsuccessful. The success of some nonpharmacological approaches, such as cognitive behavioral therapy, may represent a reversal of detrimental effects of cocaine abuse on executive function, which encapsulates the abilities to weigh multiple options, make complex decisions, and organize, implement, and control a multitude of cognitive functions (Oscar-Berman and Marinković 2007; van der Plas et al. 2009; Sofuoglu et al. 2013) . Although some structural and functional alterations that occur due to cocaine abuse can recover during abstinence (Nader et al. 2006; Moeller et al. 2012; Connolly et al. 2013; Morie et al. 2013) , relatively little is known about the extent to which cognitive impairments persist after cessation of cocaine use (De Oliveira et al. 2009 ). Characterizing the relationship between cocaine abuse and cognitive function during abstinence will aid development of therapies to reverse these deficits and to minimize relapse.
Dysfunction in brain dopamine (DA) systems is a hallmark of cocaine exposure and is believed to drive the associated cognitive impairments (Cools and D'Esposito 2011; Ersche et al. 2011; Moeller et al. 2012; Verrico et al. 2013 ), although it is impossible to determine whether these deficits precede or result from cocaine exposure in humans. Cocaine users display deficits in many aspects of executive function, including cognitive flexibility and response inhibition (Verdejo-Garcίa et al. 2006) , which have been attributed specifically to alterations in DA function (Nandam et al. 2013) . Cognitive deficits during abstinence have been associated with poorer retention and success in behavioral treatment programs (Volkow et al. 1992; Teichner et al. 2002; Aharonovich et al. 2006; Tomasi et al. 2007; Carroll et al. 2011) . However, the time course of recovery of executive function during abstinence is not well characterized. Previous studies reported that memory deficits lessened over periods of abstinence, with cocaine users showing improved cognitive function at 6 months of abstinence when compared with 6 weeks (Di Sclafani et al. 2002; PaceSchott et al. 2008; Hanlon et al. 2011) . However, limitations inherent in studies with human subjects make it difficult to track recovery over time. Controlled longitudinal studies in laboratory animals can directly address these questions. Longitudinal studies of cognitive function in monkeys-specifically those that involve repeated drug exposure-have been integral in understanding the development of deficits that accompany chronic drug exposure (e.g., Taffe et al. 2001; Jentsch et al. 2002; Liu et al. 2008; Gould et al. 2012) .
Sex differences in sensitivity to cocaine are prevalent in both preclinical and clinical research (O'Brien and Anthony 2005; Anker and Carroll 2011) . Because females tend to be underrepresented in clinical and preclinical studies, the extent to which cocaine causes cognitive impairments in females is not well understood. This is concerning because women are particularly vulnerable to cocaine abuse (e.g., Cotto et al. 2010) . Women initiate drug use at earlier ages, progress to dependence faster and are more susceptible to the physical, mental, and social consequences of abuse (Zilberman et al. 2003; Greenfield et al. 2007 ). Furthermore, women are less successful at quit attempts, with lower rates of treatment retention and higher rates of relapse (Siqueland et al. 2002; Hyman et al. 2008) . Importantly, previous studies have provided evidence for sex-dependent brain-behavior relationships in the role of the ventromedial prefrontal cortex in mediating emotional processing, decision-making, and executive function (Bolla et al. 2004; Tranel et al. 2005; van der Plas et al. 2009 ). Preclinical evidence also suggests that female subjects are more sensitive to the abuse-related effects of cocaine across a range of behavioral assays including faster acquisition, higher rates, and more pronounced reinstatement of self-administration Carroll 1999, 2000; Lynch and Taylor 2005) . However, nonhuman primate studies of the effects of cocaine on cognitive function have been conducted almost exclusively in male subjects.
In the present experiments, 16 adult female cynomolgus monkeys were studied. Nine monkeys were cocaine-naïve and seven monkeys had previously self-administered cocaine 5 days/week for 3 months but had been abstinent for 8 weeks at the initiation of this study. To assess effects of prior selfadministration experience on cognition, we examined the time it took to train the monkeys to learn to use a touchscreen, then studied the acquisition of a reversal-learning task which included a simple discrimination (SD) followed by the reversal of that discrimination (SDR). These behavioral tasks examined the monkeys' ability to learn a rule to guide behavior (SD) and to inhibit responding under that rule while learning a new rule (SDR). We used a three-choice visual discrimination to permit examination of the patterns of errors made to determine if they are perseverative (Arnsten 1997; Jentsch et al. 2002) . To assess whether cognitive deficits persisted following acquisition, we assessed performance for 3 months with re-exposure to the reversal-learning task using novel stimuli. We also evaluated performance on a delayed match-tosample (DMS) task to measure working memory. In this task, subjects are trained to identify previously presented stimuli after various delay intervals. Because all monkeys had a similar previous experience of lever-pressing reinforced by delivery of a food pellet, we did not expect to observe group differences in touchscreen training. However, we hypothesized that cocaine-experienced monkeys would take longer to acquire the SD/SDR task based on previous results in male rhesus monkeys (Gould et al. 2012) . Moreover, we expected to observe that these impairments would be task-specific. Because impairments on the DMS task were shown to resolve within 30 days of abstinence in male rhesus monkeys (Gould et al. 2012) , we hypothesized that the delay lengths used to generate performance-based curves would be similar between groups.
Materials and methods

Subjects
Sixteen adult female cynomolgus macaques (Macaca fascicularis) served as subjects. Seven monkeys had been surgically implanted with an indwelling intravenous catheter as described previously (Czoty et al. 2005 ) and had experience self-administering cocaine (approximately 150 mg/kg cocaine over 6 months, see Table 1 ). Eight weeks prior to the start of the present experiments, access to cocaine was discontinued for the cocaine-experienced monkeys, and they and nine additional cocaine-naïve monkeys, who had been selfadministering sucrose pellets for 3 months, began selfadministering sucrose pellets 3-5 days/week under a fixedratio schedule. There were no differences between the groups in average age or weight at the start of these experiments (Table 1) ; weights did not change significantly during the course of the experiments. All monkeys were fitted with an aluminum collar (Primate Products, Redwood City, California) and trained to sit in a standard primate chair (Primate Products). Monkeys were weighed weekly and fed enough fresh fruit and food (Nestle Purina PetCare Company, St. Louis, Missouri) to maintain healthy body weights (2.6-3.2 kg) as determined by physical appearance and periodic veterinary exams; water was available ad libitum in the home cage which measured 0.71×1.68×0.84 m (Allentown Caging Inc., Allentown, New Jersey). Environmental enrichment was provided as outlined in the Institutional Animal Care and Use Committee's Nonhuman Primate Environmental Enrichment Plan. All experimental procedures were performed in accordance with the 2011 National Research Council Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research and were approved by the Wake Forest University Institutional Animal Care and Use Committee.
Cognitive assessments
Cognitive testing was conducted 5 to 7 days/week between 9:00 a.m. and 12:00 p.m. using the Cambridge Neuropsychological Test Automated Battery apparatus (CANTAB; Lafayette Instruments, Lafayette, IN) as described previously (Gould et al. 2012) . Animals completed a maximum of 200 trials in the stimulus discrimination and reversal (SD/SDR) task and 80 trials in the DMS task. Only one task was assessed in each behavioral session. Total session length of the reversal-learning task depended on task performance, as the session terminated once reversal criteria were met or a maximum of 200 trials were completed (see below). In the DMS task, each animal completed 80 total trials with three delay lengths (short, medium and long, see below), therefore the total session length varied between animals but lasted one hour on average.
Experiment 1
Effects of prior cocaine self-administration on acquisition of touchscreen training, a reversal-learning task and a DMS task.
(1a) Training
Using a touch-sensitive computer screen (Lafayette Instruments; Lafayette, IN) monkeys were trained to touch a square that became progressively smaller across trials. Specifically, there were six sizes of the square, which became smaller after every fourth consecutive touch. Each touch was reinforced with a 190-mg food pellet; touching any other part of the screen resulted in a 10-s timeout (Weed et al. 1999 ). The primary dependent variable for touchscreen training was the number of daily sessions to reach criteria (two daily sessions in which the monkey reached the smallest square). Data from cocaine-experienced (n=7) and cocaine-naïve (n=9) monkeys were statistically compared using a t test. Differences were considered statistically significant when p<0.05. Once the touch-training criterion was met, monkeys were exposed to the SD and SDR tasks.
(1b) SD/SDR task
In the SD task, three shapes (A, B, C) appeared in a horizontal row across the center of the screen. The same three shapes were used for each monkey during this stage of the experiment. A response on one shape (A+) resulted in delivery of a 190-mg food pellet and initiation of a 7-s inter-trial interval (ITI) while responding on either of the other two shapes (B−, C−) resulted in a 10-s timeout, followed by a 7-s ITI. Shapes were randomly distributed throughout the three possible positions on the screen with a maximum of 200 trials/day. Acquisition of the SD was defined as 18 correct responses out of the previous 20 completed trials. Once the acquisition criterion was met, contingencies were altered in the SDR phase so that responding on the previously correct shape was now incorrect (i.e., A−), while a response on one of the previous incorrect shapes now counted as a correct response (i.e., B+). The third shape, which was incorrect in the SD phase, remained incorrect in the SDR phase (i.e., C−). The same consequences of responding on a correct or incorrect stimulus and the same criterion for acquisition used in the SD phase were used in the SDR phase. Dependent variables included the total number of trials, the number of errors and the number of omissions to acquisition during the SD and SDR tasks. Total trials included correct trials, errors, and omissions. Data for errors to criterion underwent a square-root transformation prior to analysis to normalize their distribution (see Wright et al. 2013 ). Response and pellet retrieval latencies were also recorded. For the SDR task, perseverative errors were determined, defined as responses on the stimulus that had been reinforced in the SD phase (A−). Incorrect responses on the stimulus that had not been reinforced in the SD phase (C−) were termed seeking errors. Two-way analyses of variance (ANOVAs) were conducted using group (cocaine-experienced, cocaine-naïve) and phase of task (SD, SDR) as factors. A two-way ANOVA was also conducted to compare the distribution of errors across the two incorrect stimuli in the SD and SDR phases between groups. Significant main effects were followed by post hoc comparisons using Fisher's LSD tests. For each dependent variable, there were four comparisons of interest (i.e., the comparison of cocaine-naïve vs. cocaine-experience groups for both tests, and the comparison for each group across tests). To maintain a family-wise error rate less than 0.05, a Bonferroni correction was applied following Fisher's LSD analysis. The resulting critical value of p was equal to 0.0125. A similar adjustment was made for analysis of error distribution.
(1c) DMS task
Collection of DMS data began after all animals finished Experiment 1b. In the DMS task, a target image appeared on the screen and when a response was made (i.e., after a 0-s delay), three images appeared. The three images were taken from a limited stimulus set of six images (i.e., stimuli were not trialunique). A response on the previously displayed image resulted in delivery of a 190-mg food pellet. A response on either of the two novel images resulted in a 10-s time out and no pellet delivery. Once percent accuracy exceeded 80 % for three consecutive days with a short (0-s) delay, delays were gradually increased. Baseline performance was established by increasing delay lengths until similar reductions in percent accuracy were reached in all monkeys. There were three target levels of accuracy in each monkey: >78 % accuracy (the corresponding delay was considered the "short" delay), 55-78 % accuracy ("medium" delay) and <55 % accuracy ("long" delay). Delays were randomly distributed throughout each session so that there were~27 trials per delay. Once accuracy remained within these ranges for five consecutive days, performance was deemed stable for each monkey and the average short, medium and long delay lengths were calculated. A two-way ANOVA was conducted with group (cocaine-naïve, cocaineexperienced) and delay (short, medium, long) as factors. Significant main effects were followed by post hoc comparisons using Fisher's LSD tests.
Experiment 2
Effects of prior cocaine self-administration on maintenance of cognitive performance. Once all monkeys had acquired the SD/SDR task, they were tested once each week on the SD/ SDR task for 3 months; data from the last week of each month were averaged across monkeys for analysis. On the other 4 days/week, monkeys responded on the DMS task (Experiment 1c). For the SD/SDR task, shapes were selected randomly from the "CAMCOG 0" list associated with the CANTAB system and presented in nonoverlapping sets of three. Sets of shapes were randomized across monkeys and time points, with the stipulation that no monkey saw the same set twice; the set used for Experiment 1b was not re-used during this experiment. Task completion criteria were identical to those described above. The same dependent variables were analyzed as in Experiment 1b. Data were analyzed using a three-way ANOVA with group (cocaine-experienced, cocaine-naïve), phase of task (SD, SDR), and month (1, 2, 3) as factors, followed by post hoc Fisher's LSD tests.
Results
Experiment 1
Effects of prior cocaine self-administration on acquisition of touchscreen training, the reversal-learning task and the DMS task.
(1a) Training
There were no differences between the seven cocaineexperienced and nine cocaine-naïve monkeys in the number of days necessary to complete touchscreen training (7.2±2.6 and 5.9±1.2 days, respectively).
(1b) SD/SDR task
There were no significant differences between groups in response latencies or pellet retrieval latencies during the SD/ SDR task (Table 2) . Two monkeys in the cocaineexperienced group did not reach a criterion level of performance and were excluded from data analysis and presentation.
One monkey (C-7431) acquired the SD task after 419 total trials (146 errors and 102 emissions) but developed a side bias once the SDR was implemented. The other monkey (C-7441) took 703 trials to acquire the SD (293 errors and 148 omissions) and after switching to the SDR task, soon began to omit nearly all trials. Results of analysis of total trials to criterion (Fig. 1, top (Fig. 1, bottom) . Post hoc tests confirmed that the groups differed significantly in omissions made during acquisition of the SDR test (p<0.0125) but not the SD test. Using three stimuli in the SD/SDR task permitted the determination of whether errors made in the SDR phase were perseverative. During the SD phase (Fig. 2, left) , cocaine-experienced monkeys made significantly more errors (main effect of group, F 1, 12 =11.42, p<0.01 and post hoc difference in errors on the C stimulus, p<0.01), but both groups made a similar number of errors on each incorrect stimulus (no main effect of stimulus B vs. C and no interaction), indicating that, prior to reversal, no bias existed. During the SDR, however (Fig 2, right) , a main effect of error type (F 1, 12 =157.20, p<0.001) and a significant interaction (F 1, 12 =5.61, p<0.05) was found, and the main effect of group approached significance (F 1, 12 =4.56, p=0.054). Although both groups made significantly more perseverative than seeking errors, the difference was larger in the cocaine-experienced monkeys. Moreover, the difference in number of perseverative errors between cocaine-naïve and cocaine-experienced monkeys approached significance (p=0.013).
(1c) DMS task
One cocaine-naïve monkey (C-8202) and one cocaineexperienced monkey (C-7434) did not achieve stable DMS task performance with relatively short delays (<10 s) within 50 daily sessions; their data were excluded from analysis and presentation. Monkey C-7441 was not tested. For the remaining monkeys, increasing the delay between the disappearance of the sample stimulus and the presentation of the match and comparison stimuli resulted in delay-dependent decreases in accuracy from near 100 % to chance levels (F 2, 20 =88.68, p<0.001; Fig. 3, left) . There was no main effect of group and no interaction. The specific delay lengths for individual monkeys are shown in Table 1 . Analysis of the delay lengths that made up each accuracy level (short, >78 % accuracy, medium, 55-78 % accuracy, long <55 % accuracy) for cocaine-naïve (n=8) and cocaine-experienced (n=5) monkeys showed no significant main effect of group and no interaction ( Fig. 3. right) . There was, as expected, a significant main effect of delay length (F 2, 20 =73.36, p<0.001); post hoc analysis confirmed that short, medium and long delays were all significantly different from each other. There no significant differences between groups in response latencies or pellet retrieval latencies during the DMS task (Table 2) .
Experiment 2
Effects of prior cocaine self-administration on maintenance of cognitive performance. The SD/SDR test was repeated weekly over 3 months after initial acquisition. In analyzing total trials to criterion (Fig. 4, top row) , a three-way ANOVA revealed main effects of month (F 2, 72 =3.82, p<0.05) and group (F 1, 72 =9.75, p<0.01) but not test; there were no significant interactions. Post hoc analyses indicated that the main effects are explained by the increased trials needed by the cocaineexperienced monkeys to complete the SDR task during month 1. For example, post hoc tests indicated that cocaine-naïve and cocaine-experienced monkeys only differed in month 1 and only on the SDR task, and that overall month 1 was different from months 2 and 3. Moreover, there was no difference across months for the cocaine-naïve group, but month 1 was significantly different from months 2 and 3 for the cocaineexperienced group. The same pattern of statistical test results was observed for errors to criterion (Fig. 4, bottom row ) ; there were main effects of month (F 2, 72 =5.97, p<0.01) and group (F 1, 72 =5.93, p>0.05) but not test. The pattern of results of post hoc tests was identical to those for trials to criterion, indicating that the significant main effects are explained by the higher number of errors in month 1 in the cocaineexperienced monkeys on the SDR task. Note that acquisition data are included in Fig. 4 for comparison but were not included in statistical analysis. Omissions (data not shown) were very low during the SD task (1.0±0.4 omissions per month across all monkeys) and during the SDR task (1.2±0.5 omissions per month when one cocaine-experienced monkey who averaged 11 omissions per month is excluded).
Discussion
Understanding the extent to which cognitive deficits observed in cocaine abusers persist into protracted abstinence will help guide treatment decisions. Although some research has shown improvements in cognitive tasks in abstinence (Gould et al. 2012; Bell et al. 2013; Morie et al. 2013 ), other studies demonstrate that deficits in inhibition, cognitive flexibility, and verbal memory can persist into at least short-term abstinence (for review, see Verdejo-Garcia 2004; van Holst and Schilt 2011) . These experiments in cynomolgus monkeys were designed to assess the effects of prior cocaine exposure and subsequent abstinence on acquisition and maintenance of two cognitive tasks in female monkeys. In the simple discrimination (SD) task, although cocaineexperienced females required more trials to criterion, committed more errors, and made more omissions than cocaine-naïve monkeys on average, these effects did not reach statistical significance. Any differences observed on this first phase of the task were not due to general impairments in ability to respond using the touchscreen since there were no differences between groups in initial reinforcement training with the CANTAB system or in response or pellet retrieval latency. A previous study in male rhesus monkeys (Gould et al. 2012) , also showed no significant differences between cocaine-naïve and cocaine-experienced monkeys in acquiring the SD task. Although the difference between groups appears to be larger in the present study compared with Gould et al. (2012) , convincing evidence for an effect of cocaine experience on SD Fig. 1 Performance during acquisition (total trials, errors, and omissions to criterion) of the simple discrimination (SD) and reversal (SDR) phases in cocaine-naïve (coc-naïve; n=9) and cocaine-experienced (coc-exp; n= 5) monkeys. Data for errors were square-root transformed prior to analysis. Bars depict mean (±SD) values. *p<0.0125 performance is lacking. Moreover, results of the present experiments do not provide evidence of sex differences, although firm conclusions are limited by the relatively small sample size.
More trials were required to reach criterion, and more errors were made in the SDR phase compared with the SD phase, indicative of a higher cognitive demand in this stage of the task. This supports previous findings utilizing reversallearning tasks (Jentsch et al. 2002; Gould et al. 2012; Kangas and Bergman 2014) , which require inhibition of a previously established response while learning a new contingency without explicit signals (for review see Bari and Robbins 2013) . Unlike the SD phase, during acquisition of the SDR task cocaine-experienced monkeys required significantly more trials to criterion compared with cocaine-naïve monkeys. Cocaine-experienced monkeys also made more than twice as many errors on average. These group differences are even more striking in light of the fact that two cocaineexperienced monkeys never learned the reversal task and were thus not included in the data analysis.
The design of the SDR phase of the task permitted analysis of the distribution of errors across the two incorrect shapes, which provides insight into the mechanisms mediating poor cognitive performance following cocaine experience. In the SD portion of the task, both groups of monkeys made a similar number of error responses on each nonreinforced shape, indicating that no inherent bias existed. In the SDR phase, however, both groups made significantly more perseverative errors-choices of the stimulus that had been reinforced in the SD task that was no longer correct-than errors on the third stimulus that was never correct. Some responding on the previously reinforced stimulus is to be expected since monkeys must learn that the contingency has changed. On average, cocaine-experienced monkeys made more perseverative errors (but not more seeking errors) compared with cocaine-naïve monkeys, a difference (p=0.013) that approached significance (p<0.0125) after Bonferroni adjustments were made for multiple comparisons. Although it is important to note that perseverative responding was observed in both groups of monkeys, the observation of more perseverative responding in cocaine-experienced monkeys would support the interpretation that cocaine use causes deficits that may be driven by an inability to inhibit previously formed associations in order to decipher the new contingencies. This conclusion would be consistent with an earlier report demonstrating that perseverative errors increased following 14 days of cocaine treatment in vervet monkeys (Jentsch et al. 2002) and suggest that that these impairments can be present months after drug taking ceases.
In addition to group differences in trials to criterion and perseverative errors, the number of omissions was also significantly different in the SDR phase. An increase in the number of omissions resulting from dopaminergic manipulations has been documented in other cognitive tasks, including Go/NoGo tasks and the five-choice serial reaction time test (Nakamura et al. 1998; Czernecki et al. 2002; Fletcher et al. Fig. 2 Error distribution during acquisition of the reversallearning task in cocaine-naïve (n=9) and cocaine-experienced (n=5) monkeys. Bars represent mean (±SD) number of errors (square-root transformed) on each nonreinforced stimulus during the SD phase (left) and SDR phase (right). *p<0.0125 Fig. 3 Accuracy at (left), and absolute lengths of (right), the delays deemed short, medium, and long in cocaine-naïve (n=8) and cocaine-experienced (n=5) monkeys. Points represent mean (±SEM) 2007; Verdejo- Garcia et al. 2007 ). Increases in rate of omissions can result from an inability to perform the task due to motor deficits or because monkeys did not find the pellets delivered after correct responses to be reinforcing. The lack of group differences in response latencies or pellet retrieval latencies argue against these explanations. Increased omissions may also result from impairments in attention, an aspect of cognitive function that is markedly impaired by cocaine use (Jovanovski et al. 2005; Spronk et al. 2013; Wood et al. 2013 ). However, impairments of attention would likely be accompanied by increased latencies to respond, which were not observed. A definitive assessment of deficits in attention would require cognitive tasks that directly measure attention, but these were not performed in the present study. Because omissions tended to occur after several incorrect responses were made, it is also possible that higher omissions in cocaineexposed monkeys are a manifestation of a lack of motivation to engage in the task; cocaine-exposed monkeys appeared to be more likely to stop initiating trials after several incorrect responses. Ultimately, it is difficult to determine what factors drive increased omissions in animal models. Whatever the mechanism, there was a clear effect of prior cocaine experience on the rate of omissions. Taken together, these results suggest that cocaine self-administration produced cognitive impairments in these female monkeys during abstinence consistent with those observed during and following cocaine exposure in male rats, monkeys, and humans (Jentsch et al. 2002; Schoenbaum et al. 2004; Fillmore and Rush 2006; Calu et al. 2007; Ersche et al. 2008; Liu et al. 2008; Krueger et al. 2009; Camchong et al. 2011; Porter et al. 2011; Gould et al. 2012) .
The second cognitive domain that was addressed in this study was working memory, which we evaluated using a DMS task. A delay-performance curve was established in the monkeys by introducing varying delay periods between the disappearance of the sample stimulus and the presentation of the match and comparison stimuli. This increasing delay length raised the difficulty of the task, which was reflected in delay-dependent reductions in accuracy. Because the short, medium, and long delay lengths required to produce the respective target performance accuracies did not differ between groups, we conclude that any deficits in working memory caused by cocaine self-administration did not persist to this point in abstinence. It is not known whether deficits existed during or shortly after cocaine self-administration. It is possible that cocaine intake was too low to produce deficits. It is also possible that cognitive impairment was present, but alterations in brain function compensated over time (e.g., Porter et al. 2014) . The specificity of these cognitive impairments in abstinence (i.e., group differences in discrimination/reversal but not working memory tasks) mirrors findings in male rhesus monkeys (Gould et al. 2012) . It is also possible that the lack of effect in the present study could be due in part to the extensive training necessary to establish stable delay curves.
Group differences in performance on the SD/SDR task dissipated when monkeys performed the SD/SDR task weekly. Although some group differences were still apparent at the Fig. 4 Trials to criterion (top row) and errors to criterion (square-root transformed, bottom row) during the simple discrimination (SD; left column) and reversal (SDR; right column) phase for the 3 months following acquisition (A). Points depict mean (±SEM) values in cocainenaïve (n=9) and cocaineexperienced (n=5) monkeys. Data from A are included for comparison end of the first month of testing, cocaine-experienced monkeys had shown improvement by then. Performance of the previously cocaine-naïve and cocaine-exposed monkeys was not different, and was near perfect, by the third month of weekly exposure to the task. These data are consistent with a study in male rhesus monkeys (Porter et al. 2013) in which no differences were observed in SD, SDR, or DMS tasks after 3 months of abstinence. Importantly, Porter et al. (2011) had previously reported the presence of cognitive deficits in these same subjects. Taken together, these results suggest that although cognitive deficits may be present in cocaine users and acquisition of certain novel tasks may be more difficult for abstinent cocaine users, performance can improve with practice and/or over time. From a translational point of view these studies provide the encouraging clinical message that cocaineinduced cognitive impairments are reversible if abstinence can be maintained.
